Abstract-Tidal flats form boundaries between marine and terrestrial environments, and reported rapid decreases in their extent require improved measures of their status. Current methods for delineating tidal flats have low accuracy because of the limited precision of available imagery, and they cannot identify zones within tidal flats. Three zones within tidal flats are ecologically distinct due to their varied inundation. These include the supratidal, intertidal, and subtidal zones. In this study, we present a more precise method for mapping tidal flats. We used Chinese HJ-1A/B satellite images with a semiautomatic extraction method to generate a sufficient number of waterline estimates taken at various tide heights to delineate the full extent of tidal flats. Then, the full set of waterline estimates is analyzed with the Digital Shoreline Analysis System (DSAS) using Jenks Natural Breaks to identify three zones within tidal flats. We demonstrated the utility of this approach by mapping tidal flats of the Bohai Rim, China. In 2014, the estimate of available tidal flats in the region was 3093 km 2 , among which the area of supratidal, intertidal, and subtidal zones accounted for 5.0%, 84.3%, and 10.7%, respectively. A confusion matrix for accuracy assessment revealed a 93.8% overall accuracy for the resulting tidal flat map. Our method enables tidal flats to be mapped and monitored precisely and comprehensively, providing baseline data on the extent of this disappearing ecosystem that can be used to inform coastal planning and sustainable development.
over, tidal flats can be developed for agricultural, industrial, and tourism uses and provide the foundation for regional development [3] . However, massive reclamation activity, flux in sedimentation, and sea level rise [4] have contributed to the rapid changing of tidal flats, and accurate knowledge of their status and spatial extent is urgently required.
Due to slope gradients, tides, waves, and other sedimentary factors [5] , the inundation frequencies of different locations within tidal flats are remarkably different. Accordingly, tidal flats can be divided into three zones: the supratidal zone, which is located above mean high-water spring tides and is intermittently inundated; the intertidal zone, which lies between mean high-water spring tides and mean low-water spring tides and is most regularly inundated and exposed to air; and the subtidal zone, which occurs below mean low-water spring tides and is rarely exposed to air [1] . Different frequencies lead to different but important ecological characteristics and functions of these three zones. The supratidal zone is particularly important for tourism, fishery, and other human activities, and its changes cause hydrodynamic boundary conditions changes during storm surges [6] . The intertidal zone is the most productive ecosystem on earth and can provide safe spawning areas and nurseries for countless species of fish and crustaceans [7] . The subtidal zone is also a habitat for a large number of plants and animals, and its change can effectively reflect the erosion or accretion of tidal flats [8] .
It is very difficult to estimate tidal flats across a large area using field observations because tidal flats are hard to access and are only exposed for short periods. Remote sensing, which can observe a large area repeatedly, is an effective tool for overcoming these difficulties and monitoring tidal flats [9] . Previous studies have used multiple boundaries between a water body and an exposed land mass in a remotely sensed image, known as waterlines [10] , to identify tidal flats. As the tide constantly moves in a horizontal direction, the waterline represents information on the location of the tide when the satellite transits. Approaches to extract the extent of tidal flats using waterlines fall mostly within two categories: 1) waterlines are calculated from imagery taken as close as possible to the estimated time of high or low tide based on tide models [11] or tide gauge data [12] , [13] , and 2) the outermost waterline is selected from a series of waterlines extracted from multitemporal remote-sensing images [14] [15] [16] . For the first category, methods only apply waterlines at one moment to delineate tidal flats. Aside from the dynamic height of the tides, tides in the same area can also vary day to day based on weather or landform variables. As a result, these methods do not capture the dynamic nature of tidal fluctuations, and the extent of tidal flat estimates can be highly imprecise. Although the second method uses multitemporal remote-sensing images, they have limited precision due to the resolution of the available data. For example, high-spatial resolution imagery, such as SPOT [14] and the Landsat Archive (MSS, TM, ETM+, or Landsat8) [15] , [16] , have a low temporal resolution, while images with a higher temporal resolution, such as those derived from the MODIS, have a coarse spatial resolution (250 m) [16] . More importantly, these methods can only extract the extent of tidal flats but cannot determine the three functionally different zones within tidal flats. To understand and use tidal flats better, it is necessary to determine the extent of the three zones.
Here, we present the utility of using higher resolution imagery in calculating multiple waterlines to estimate the total extent of tidal flats and their segmentation into functionally different zones. We used Chinese HJ-1A/B satellite images with a high temporal resolution of two days and a high spatial resolution of 30 m to generate a larger set of waterlines than would be possible with other images. Then, by analyzing waterlines at a small spatial scale with Digital Shoreline Analysis System (DSAS) [17] software and determining the mean high-and lowtide waterlines with Jenks Natural Breaks [18] , we divided tidal flats into supratidal zones, intertidal zones, and subtidal zones. We demonstrated the relevance of this method for mapping tidal flats in the Bohai Rim, China, a region with extensive tidal flats and a changing coastal environment.
II. RESEARCH METHODS

A. Study Area
The Bohai Rim comprises the entire coastal area of the Bohai Sea and a portion of the coastal area of the Yellow Sea (see Fig. 1 ), which includes the five provinces of Beijing, Tianjin, Hebei, Liaoning, and Shandong and covers approximately 52.34 million ha. Coastlines in this region are very rich and long, 5837 km [19] , and include many extensive tidal flats, including the following: Liaodong Bay, Bohai Bay, Yellow River Delta, Laizhou Bay, and Jiaozhou Bay. These coastal wetlands are critical foraging habitats where shorebirds along the East Asian-Australasian Flyway refuel during both northward and southward migrations [7] . Due to rapid economic and population growth, tidal flats in the Bohai Rim have experienced a huge change as they have been lost to development [7] , [8] . This loss of tidal flats has resulted in severe environmental problems, leading to a dramatic reduction of biodiversity and a significant decrease in coastal ecosystem services. To promote a sustainable development in coastal areas, there is an urgent need to understand the distribution and status of tidal flats in the Bohai Rim.
B. Data Selection and Preprocessing
To maximize the accurate extraction of the extent of tidal flats, two selection criteria were important to choose a suitable satellite-based imagery. First, the temporal resolution needed to be high enough to ensure that the images selected were associated with the greatest extent of different tidal conditions in a small time interval (i.e., < 1 year), which can reduce short-term variation in the tidal flat extent. Second, the spatial resolution needed to be sufficient for mapping tidal flats within a narrow width.
In this study, we used Chinese-designed HJ-1A/B satellite imagery, which has both a high temporal resolution and high spatial resolution, as the main data source. HJ-1A/B satellites were recently launched by China. Each satellite carries two CCD sensors side-by-side, and each sensor has three visible bands and one near-infrared band [20] . All of the 1794 images available from the HJ-1A/B in our study area in 2014 were downloaded from the China Center for Resources Satellite Data and Application (CRESDA, http://www.cresda.com). Eighteen Landsat8 images covering the study area were downloaded from United States Geological Survey (USGS, http://glovis.usgs.gov/) as a reference for geometric corrections.
Batch band composition of images was conducted using the Python programming language, while a third-order polynomial was used in ArcGIS software for geometric corrections. The total root mean square (RMS) error during geometric correction was controlled within one pixel for each image. Finally, mosaics of images with the same acquisition time were created using ENVI+IDL. To increase the number of available images, the study area was divided into ten small areas based on the distribution characteristics of tidal flats [12] (see Fig. 1 ). Mosaics of images were clipped into each small area and loaded into the ArcGIS software. Images with better quality (cloudfree and with clear waterlines) were identified visually. Each area involved at least 65 available images, and the details on the number of selected images are listed in Table I .
C. Waterline Extraction
Currently, many methods have been developed to delineate the waterline, including manual digitization [14] , [15] , edge detection [21] , and threshold segmentation [22] , [23] . Manual digitization is a straightforward and effective procedure that can assure reliability and accuracy [14] , but it is very time consuming. Edge detection uses detection operators to track the boundary of water and is mainly suitable for images with a high contrast. Threshold segmentation can separate water from other land-cover types effectively despite impurities (nonwater information) in the water. However, tidal conditions, remnant surface water, and other environmental parameters often result in imprecise or "fuzzy" waterline locations [24] . We adopted a semiautomatic method in this study to extract waterlines that minimized this imprecision.
Generally, tidal flats are submerged during incoming tides and have clear waterlines, while a large quantity of remnant surface water leads to blurry waterlines during falling tides. Therefore, available remote-sensing images were classified as either "clear" or "fuzzy" using visual interpretation. For images classified as "clear," we applied "Canny edge detection" to extract waterlines. For images classified as "fuzzy," we used a combination of the NIR and a visible band to reduce the effect of turbidity [24] . NDWI, the normalized difference water index proposed by S.K. McFeeters, is a high-performing and widely accepted method for delineating open water features [25] that has been applied successfully to extract waterlines in highly turbid coastal area (e.g., typical coastal wetlands of Bohai Rim [23] , tidal flats along the Jiangsu middle coast in China [22] , and tidal flats across East Asia [11] ). Therefore, this study used NDWI to extract waterlines from "fuzzy" waterlines. NDWI's formula is as follows:
where Green and NIR represent the green light band and near-infrared band, respectively, corresponding to the second and fourth bands of HJ-1A/B satellite imagery. A threshold value was selected for NDWI images to generate binary images (land/water). After automatic vectorization, waterlines with "fuzzy" locations could be delineated. Finally, each waterline that was extracted automatically was checked by visual interpretation and, where needed, was corrected by modifying inaccurate waterlines and linking discontinuous waterlines.
D. Tidal Flat Delineation and Zones
To map tidal flats, we selected the outermost boundaries of all waterlines as the total extent of tidal flats [10] , [14] [15] [16] . This process consisted of merging multiple waterlines and transformations from lines to polygons, which were implemented in ArcGIS 10.0 software. Tidal flats can be divided into three zones (the supratidal, the intertidal, and the subtidal) and are demarcated as mean high water and mean low water during spring tides [1] . Spring tides, which are rare events, occur twice a month, around the full moon and the new moon. Therefore, it is very difficult to ensure that available images capture all high-and low-water spring tides. To determine different zones of tidal flats, we took the mean high tides and mean low tides as dividing lines. Thus, we defined the supratidal zone as the area above the mean high-tide waterlines, the intertidal zone as the area between the mean high-tide and mean low-tide water- lines, and the subtidal zone as the area below the mean low-tide waterlines.
Due to the variation in daily tide heights and the influences of weather and topography, tidal movements in the same area can vary. As a result, waterlines at different times may cross each other. To identify these discrepancies, tidal flats should be analyzed at a small spatial scale. A transect was generated every 100 m along the coast [26] of the study area by using DSAS software, and the total of transect was 17 099 (see Table I ). Each transect and each waterline had an intersection point, which represented the estimated location (distance from shore) of the tide at each satellite transit time.
Each transect had at least 65 tidal points that were estimated at different times and under different tidal conditions. The distances between each tidal point and the coast were calculated. Then, the tidal points were classified according to distances. This study defined the class that was closest to the coast as the high-tide point set, the class that was furthest from the coast as the low-tide point set, and other classes as middle-tide point sets. The averages of the high-and low-tide point sets were calculated to obtain the mean high-tide and mean low-tide point on each transect. The mean high-tide and mean low-tide points on all transects were linked to obtain the mean high-tide and mean low-tide waterlines, which were used for dividing tidal flats.
To define high, middle, and low classes, we applied the Jenks Natural Breaks [18] . This classification method is a form of data clustering that seeks natural "faults" and "discontinuity points" according to intrinsic statistical characteristics of data. This method maximizes variance between classes and minimizes variance within classes to achieve the best classification.
To determine the best segmentations of the high-tide and the low-tide point sets, we first analyzed the data characteristics of tidal points. As shown in Fig. 2 , we found that regardless of the number of classes, the best segmentations of high-and lowtide point sets were similar. Therefore, distances of tidal points along each transect were classified into three, four, five, and ten classes. Classifications of more than ten classes removed the clustering characteristics of the data. Then, the modes of the segmentation points of the class that was closest to the coast and the class that was farthest from the coast were selected as segmentation points of the high-tide point set and the low-tide point set of every transect. After that, the mean high-tide and mean low-tide waterlines were determined. Finally, we calculated three different zones of tidal flats. This process is explained in detail for a section from the Tianshuigou estuary to the Xiaoqing River estuary in the Yellow River Delta (see Fig. 3 ). In this section, 90 waterlines were estimated at different times in 2014 [see Fig. 3(a) ]. DSAS software was then used to generate 498 transects, which were spaced 100 m along the coast, with 90 tide points on each transect [see Fig. 3(b) ]. Jenks Natural Breaks classification then allowed us to identify the set of tidal points to calculate the mean high-tide and low-tide points [see Fig. 3(c) ]. Finally, the outermost boundaries of 90 waterlines were extracted to obtain the full extent of tidal flats and all of the mean high-tide and low-tide points were linked to determine the three zones of tidal flats [see Fig. 3(d) ].
E. Accuracy Assessment
To validate the accuracy of the proposed method, the positional accuracy of waterlines, the basis of mapping tidal flats, must be analyzed. Because a waterline does not have a definite position, we used a buffering method [27] to estimate its positional accuracy. A buffer with a certain width around the assessed waterline was created, called a "water stripe." The wider the "water stripe," the easier it is to correctly separate land from water. Under a certain buffer width, if some parts of the "water stripe" could separate land from water correctly, the length of waterline segments within them was calculated. We introduced the separation degree to illustrate the positional accuracy of the waterline. The separation degree (S) is formulated as follows:
where x is the buffer width of the "water stripe," S(x) is the separation degree of x, L 1 is the length of waterline segments within separating correctly water stripe parts, and L 2 is the total length of the whole waterline. Initially, we randomly selected 20 waterlines of clear images and fuzzy images. Then, we generated three buffers with 30 m (one pixel), 60 m (two pixels), and 90 m (three pixels) for every waterline. By computing S(30), S(60), and S(90) using an independent analyst with a rigorous visual interpretation, the positional accuracy of every waterline could be estimated.
To assess the accuracy of the extents of the estimated tidal flat, this study adopted a widely used accuracy assessment method termed a confusion matrix [28] . First, we generated a 5-km buffer around tidal flats as an assessment area. This area, where the proportion of tidal flats and other land types was not too imbalanced, contained the actual tidal flats. Second, we generated 240 sample points using a stratified random sampling within the assessment area for the two output classes (tidal flats and other). Finally, we extracted all of the sample points from the tidal flat map as map data. Reference data were derived by an independent analyst who classified each sample point as either a tidal flat or other using all of the available bands of the low-tide HJ-1A/B satellite images as well as other available information (such as field investigation data and Google Earth) [11] . It should be Notes: The matrix shows the actual and classified cases in the rows and columns, respectively. The proportion of correctly allocated cases indicates the overall classification accuracy [28] .
noted that there is a time span between HJ-1A/B satellite imagery and Google Earth data. Therefore, human experience and judgments could be important for satisfactory reference data [29] . We computed the confusion matrix of the resulting map with respect the reference expert data and estimated accuracy measures that include overall, user's and producer's accuracy.
III. RESULTS
As summarized in Table II , using the semiautomatic extraction method in our paper could ensure that 91.2% of waterlines, both on clear images and fuzzy images, have an extracted accuracy within two pixels. With the help of manual corrections, 90.6% of waterlines on clear images had a positional accuracy within 30 m, 96.1% of waterlines' accuracy was within 60 m, and 98.7% of waterlines' accuracy was within 90 m. This high precision indicates that "Canny edge detection" can extract waterlines on clear images and result in a positional accuracy of the vast majority of waterlines within one pixel. For fuzzy images, the proportions of waterlines' accuracy within 30, 60, and 90 m were 68.5%, 85.5%, and 95.1%, respectively. While using a combination of the NIR and a visible band that is not always reliable when turbidity is extremely high [24] , we successfully used the NDWI combined with visual interpretation to extract waterlines on fuzzy images and ensure that most waterlines' accuracies fall within three pixels. However, further evaluation of waterline mapping on tidal flats is required, preferably with on-ground reference data collected at known tide stages and heights that can be matched to the time imagery taken [24] .
As shown in Table III , the overall classification accuracy was 93.8% for mapping tidal flats, with a user's accuracy of 92.5% and a producer's accuracy of 94.9%. The reasons for such high levels of accuracy include the following: 1) only two mapping classifications exist in the accuracy assessment [28] ; 2) the high resolution of the available imagery allowed for the estimation of many waterlines at fine spatial scales; 3) all of the waterlines that were extracted automatically were manually corrected to ensure accuracy [15] , [22] ; and 4) HJ-1A/B images were used for validation [11] . Misclassified sample points were mainly located in the landward region of tidal flats. Due to the limited number of available images during a spring high tide, a relatively rare event, the vast majority of misclassified points occurred on slivers between the natural coastline or the seawall and mean high-tide waterline that we obtained [11] . Moreover, coastal areas under active development and ships docked in harbor were also sometimes mistaken for tidal flats. However, such misclassifications were removed manually during the postprocessing step when identified. In 2014, the estimated extent of tidal flats in Bohai Rim, China, was 3093 km 2 , among which the area of supratidal, intertidal, and subtidal zones were 156, 2607, and 330 km 2 , respectively, and they accounted for 5.0%, 84.3%, and 10.7% of the tidal extent, respectively (see Table IV ). Compared with the actual tidal flats, the result derived from our method was conservative. Although we gathered many images, it was difficult to ensure that the available imagery included tidal extremes. Moreover, the mean high tides are closer to the sea than the mean high-water spring tides, and the mean low tides are closer to the coast than the mean low-water spring tides. Therefore, the intertidal zones in this study were also smaller than the actual intertidal zones. Nevertheless, the accuracy of the method in this study for mapping tidal flats could meet widely accepted targets for remote sensing [28] .
IV. DISCUSSION
The formation and development of tidal flats are related to the area's slope: regions with steep slopes have weak sedimentation, and tidal flats in them have a narrow width [12] . The closer the distance to the coast, the steeper the slope [1] . For this reason, the extent of the supratidal zone measured in this study is small. On the other hand, enormous coastal engineering relieves the sharp contradiction between the land and people in the study area, which leads to the loss of the supratidal zone [8] . For example, salt fields and aquaculture have reduced the supratidal zone in Caofeidian of 191.8 km 2 from 1981 to 2011 [13] , and port-vicinity industry and tourism have resulted in an annual sea reclamation area of 96.96 km 2 along the northwest coast of Bohai Bay from 2004 to 2010, 36.4% of which is coastal tidal flat reclamation [30] . Interestingly, the supratidal zones of the Yellow River Delta (partition 7), a region with a gentle slope that has been little influenced by human activities [26] , are the largest, illustrating that slope and coastal engineering are the two reasons for the small area of the supratidal zone. Moreover, the tidal range is also a crucial factor for the formation and development of tidal flats. When sediment is fully supplied, the width of the tidal flats is adjusted to the size of the tidal range [12] . Therefore, there is a positive correlation relationship between the tidal range and the area of the subtidal zones. From Fig. 1 and Table IV , it is evident that regions where the tidal range is long (Partitions 1, 2, 6, and 9) also have large subtidal zones.
To guarantee the quality of the data used for analysis, this study used Chinese-designed HJ-1A/B satellite images with a high temporal resolution (2 d) and a high spatial resolution (30 m). By dividing the Bohai Rim into ten small areas, many images with a poor overall quality could still be used, as some sections of these images were of sufficient quality. The high temporal resolution of these images allowed us to identify more than 65 images that could be used in each of these ten areas (mean = 75, max = 90). In turn, the high number of images allowed us to estimate a full set of waterlines across a greater range of tide heights within one year compared to previous studies. Then, we extracted the extent of available tidal flats at a much greater precision than had been previously achieved.
Current studies for mapping tidal flats, both when analyzing waterlines related to the low (high) tide time [8] , [11] [12] [13] and when choosing the outmost boundary of multitemporal waterlines [10] , [15] [16] [17] , do not identify the supratidal zone, the intertidal zone and the subtidal zone, as was successfully done here. We used DSAS software and Jenks Natural Breaks to achieve zoning of tidal flats, which is meaningful for government planners, ecologists and geographers. For example, the reclamation plans of the Bohai Rim are 1087 km 2 by 2020 according to the master plan for coastal provinces [7] . Our results are especially relevant for the supratidal zone and could provide some reference for government decisions. The tidal flats in the study area were located in the East Asian-Australasian Flyway and are very important for many waterbirds, such as the red knot, the great knot, and the bar-tailed. The area, distribution, and relationship with waterbird population decline in intertidal zones have been attracting ecologists' attention [5] . There are more than 100 rivers emptying into the sea in the Bohai Rim, including the Yellow, Liaohe, Hai he, and Luanhe Rivers, as well as other famous rivers, and the sediments carried by them provide a rich source for tidal flat deposits [23] . Determining the extent of the subtidal zone in our study helps us to effectively analyze tidal flat evolution. Moreover, this improvement in mapping will prompt a more comprehensive understanding of the full extent of tidal flats, something that is required if a sufficient area of these unique ecosystems is to be maintained.
The ecosystem value of tidal flats mainly relate to benthic macrofauna, as they decompose the organic matter, recycle nutrients, and are a crucial food source to many other species, including human beings. Because it determines the duration of the feeding time, exposure time may be a restrictive factor for some benthic macrofauna, such as Cerastoderma edule, Mytilus edulis, and Meloidogyne arenaria, and is thus an important predictor of benthic macrofauna distributions [31] . Our method could generate a sufficient number of waterlines that could then be classified using Jenks Natural Breaks or other classification methods, (e.g., equal interval and quantile) to divide tidal flats into some zones that have different exposure times and would likely contain the richest benthic macrofauna communities. This implication would be fundamental to describe the assemblage composition of benthic macrofauna, understanding tidal flat ecosystems, and even determining the influence of anthropogenic effects.
V. CONCLUSION
Tidal flats are rapidly disappearing, and an accurate understanding of their status and the zones within them is urgently required. This study highlights the advantages of using higher resolution imagery, such as that available from the Chinese HJ-1A/B satellites, to generate more precise mapping of tidal flats. We used a semiautomatic method to extract a series of remotely sensed waterlines and ensure their positional accuracy within two pixels. By estimating over 65 waterlines within one year, we were able to more fully capture the full range of tide heights, enabling an improved boundary around tidal flats. More importantly, by clustering waterlines, we can also identify three distinct zones of inundation frequency within tidal flats. The spatial understanding of supratidal zones, intertidal zones and subtidal zones should aid in sustainable development planning of coastal areas. In the Bohai Rim, China, in 2014, the extent of tidal flats was 3093 km 2 , among which the area of supratidal, intertidal, and subtidal zones accounted for 5.0%, 84.3%, and 10.7%, respectively. In this study, the accuracy assessment showed an overall classification accuracy of 93.8%, with a user's accuracy of 92.5% and a producer's accuracy of 94.9%.
This method could provide a useful tool for studies on tidal flats of East Asia and be applied to other sensor data. In future studies, we will further address waterline extraction approaches to improve our method and implement this method to understand morphological change in tidal flats, particularly with regard to ecosystem services and human impacts.
